'One film for 2 years' (PM2) has been proposed as a practice to control the residual film pollution; however, its effects on grain-yield, water-use-efficiency and cost-benefit balance in dryland spring maize production have still not been systematically explored. In this study, we compared the performance of PM2 with the annual film replacement treatment (PM1) and no mulch treatment (CK) on the Loess Plateau in 2015-2016. Our results indicated the following:
Introduction
Achieving high yields on existing croplands with less impact on the environment is one of the most important issues for agricultural sustainable development, and this challenge requires changes in the way food is produced (Godfray et al. 2010; Tilman et al. 2011 ). Plastic mulching is important for crop production in China, and from 1991 to 2011, there has been a four-fold increase in plastic mulch use (National Bureau of Statistics of China 2014), which has generated important improvements in crop production (Liu et al. 2014; Qin et al. 2015) .
However, accumulation of plastic residues in soil is becoming increasingly serious, and a typical survey in China demonstrates that the residual amount in soil has reached 71.9-259.1 kg·hm -2 . It poses a direct threat to soil health and crop production (Dong et al. 2013; Guo et al. 2016; Niu et al. 2016) and also leads to high loads of phthalate esters in agricultural soils (Chen et al. 2013 ).
Development of film use frequency reduction, biodegradable film and machinery designed for residual film recovery are three possible ways to control plastic film pollution Liu et al. 2014) . Using one film for two or more years ('one film for two A c c e p t e d M a n u s c r i p t years' or 'one film for multiple years') is one of the technologies used to reduce film use frequency. Current plastic mulching technology has been characterized by annually replacing film, and the residual film is usually directly incorporated into the soil during tillage because of its low recycling value. In a 'one film for two years' or 'one film for multiple years' system, the frequency of plastic film use will be reduced by 50% or more. This is not an approach to eliminate residual film pollution at the source but will effectively alleviate the accumulation of plastic in soil. Although the concept of 'one film for two years' or 'one film for multiple years' has been proposed in previous research (He et al. 2009; Yan et al. 2014) , its potential influences on grain yield, water use efficiency and cost-benefit balance have not been systematically explored in dryland spring maize production.
Spring maize is one of the most important grain crops in the drylands of China. While climate conditions for dryland spring maize are usually characterized by strong evaporation and rare precipitation in fallow periods, they may limit the soil moisture conditions at sowing and even lead to yield failures (Cai et al. 2015; Wu et al. 2017) . Wu et al. (2017) proposed a whole season plastic mulching model to solve this problem and suggested that mulching practices during the fallow period relieved drought during the early stage of spring maize. A 'one film for two years' or 'one film for multiple years' system may have similar effects because plastic film is not removed during the fallow period. However, this effect is still not fully understood.
The proportion of humans living in poverty is extremely high on global drylands (UNDP 2006) . In China, more than 80% of absolute poverty is distributed on drylands (National Bureau of Statistics of China 2014), and most impoverished communities depend on farmland for survival. Plastic mulching is a common agricultural practice on drylands, and improving its economic profitability would help to alleviate poverty. Hence, it is necessary to evaluate the cost-benefit balance of film use frequency based on its influence on crop yields. In fact, a 'one film for two years' or 'one film for multiple years' system will save input costs of plastic A c c e p t e d M a n u s c r i p t film and field management; however, its influence on crop yield is still unknown and is dependent on its influence on soil water and temperature conditions (Tarara 2000; Zhou et al. 2009 ).
The objective of this research was to evaluate the effects of reducing film use frequency on maize grain yields, water use efficiency and cost-benefit balance in dryland spring maize crop production. We hypothesized that reducing film use frequency is beneficial for improving soil moisture conditions and economic benefits. To verify this assumption, we designed a 'one film for two years' system for dryland spring maize production on the Loess Plateau, and its performance was compared with an annual film replacement treatment and a no mulch treatment.
Materials and methods

Research site
The field experiment was conducted in 2015 and 2016 at the Shouyang rain-fed agricultural experimental station (37°45′N, 113°12′E, 1080 m altitude), Shanxi, China. The climate at the research site is semi-arid according to the UNEP classification system (UNEP 1992). Under average climatic conditions, the area receives 480 mm of precipitation annually, about 70% of which occurs in the summer from June until September. The conventional cropping system is continuous maize cultivation. Usually, maize is sown from late Aprilearly May and harvested in late September -early October. The soil texture is classified as loam under the USDA soil texture classification system and is classified as Calcaric Cambisol according to the world reference base for soil resources (FAO 2006) . The top 20 cm of soil had a pH of 7.8, soil organic matter content of 18.03 g kg -1 , total N of 0.85 g kg , and total K of 19.39 g kg -1
. The solar radiation, rainfall amount, air temperature, relative humidity, and wind speed were obtained every half-hour using an automatic weather station (Campbell Scientific Inc., Pyranometer (LI200X, LI-COR, Inc., Lincoln, NE, USA). Precipitation was registered with a pluviometer (RGB1, Campbell Scientific Inc., Logan, UT, USA). Air temperature and relative humidity were measured using a Vaisala probe (HMP45C, Vaisala Inc., Tucson, AZ, USA).
Wind speed was measured using a cup anemometer (03002-L, R.M. Young Inc., Traverse, MI, USA). These measurements were taken 2 m above the surface of grassland and recorded in a data-logger (CR10RX, Campbell Scientific Inc., Logan, UT, USA). With those obtained variables, the reference crop evapotranspiration (ET 0 , mm/d) was computed using the Penman-Monteith combination equation using relevant meteorological data (Allen et al. 1998 ).
Following the direction of FAO-56 (Allen et al. 1998) , the potential evaporation during the fallow period was approximatively calculated as a product of ET 0 and the crop coefficient in the initial stage of the growing season (K c ini ). In this research, K c ini was obtained graphically from Allen et al. (1998) according to the average interval between wetting events, the evaporation power ET 0 , and the importance of the wetting event, and it was set as 0.4. 
Experimental design and field management
We applied three treatments: (1) field without plastic mulching (CK) -in this system, the field was not covered by plastic film; (2) replacing film annually (PM1) -the soil was partially covered by plastic film, which was replaced yearly; and (3) 'one film for 2 years' A c c e p t e d M a n u s c r i p t (PM2) -when the crop was harvested, the plastic film was kept in place and soil tillage was not carried out. In this study, partial plastic mulching pattern and plastic film with thickness of 10 μm was used. On the two sides of each mulched stripe band (80 cm width), no-mulched stripe bands with width of 40 cm were set to provide space for tractor to travel and farmer to walk and avoid film damage caused by wheels rolling or farmer trampling during weeding and harvest. The plastic film was therefore re-used in the second year. The experiment employed a completely randomized design with three replicates, and each plot area measured 60 m 2 (6×10 m). Corresponding operation methods for CK, PM1 and PM2 are described below:
Tillage
Rotary tillage was carried out for all three treatments in the first year with a small walking tractor with a tillage depth of about 30 cm; for the second year, no-tillage was applied in PM2, and rotary tillage was carried out for CK and PM1. Tillage was carried out about 5-10 days before sowing.
Fertilization
In accordance with local practice, fertilizers were applied at rates of 225 kg N ha (Potassium chloride) before sowing without topdressing, and in 2015, fertilizers were applied into the furrows in bare strips and mulch strips in PM1 and PM2, before the film was laid out. In 2016, to protect the plastic film in PM2, fertilizers were only applied in the furrows in bare strips.
Plastic film application and maize sowing
Clear and impermeable polyethylene (PE) film with a width of 80 cm and thickness of 10 μm was used. Two shallow furrows were dug with a spade, and then the film edges were fixed in the furrow with the excavated soil. This led to soil coverage of about 67% with the plastic film. For PM1 and the first growing season of PM2, spring maize was sown directly into the film using a hole-sowing tool with a row distance of 60 cm and plant spacing of 30 cm 
Seedling thinning and weeding
After seedling emergence, seedling thinning was carried out manually, and an herbicide mixture of 2,4-D butylate, paraquat, Dijie 
Soil water content
The soil water content was determined gravimetrically (w/w). To understand the water storage change, before sowing and after harvest in each growing season, the soil water content was determined to a depth of 2 m at 0.1-m intervals using a 0.06-m diameter hand auger in bare soil and mulched soil. Furthermore, we determined the soil water content during the growing season to a depth of 1 m (0.1-m intervals) every 10 days in order to obtain information about the soil water dynamics. This was done using a finer hand auger (0.03-m diameter), to limit soil disturbance caused by sampling as much as possible. When the weather did not allow sampling on the planned date (due to, e.g., heavy rainfall), sampling was postponed for 1-2 days. In order to take into account inherent soil heterogeneity, we randomly sampled three positions on each plot every time, and their average value was used A c c e p t e d M a n u s c r i p t for the final statistical analysis. After that, the volumetric water content (VWC) was obtained by multiplying the gravimetric water content with the bulk density and then divided by the water density. Soil water storage (W s ), evapotranspiration (ET), and water use efficiency (WUE) were calculated according to Cai et al. (2015) :
where W s (mm) is the soil water storage for 0-200 cm; h (cm) is the depth interval of the soil sample; θ v is the soil gravimetric water content (%), i is the soil layer; n is the number of soil layers; ET(mm) is the evaporation of water from the soil surface plus transpiration from the crop; and W s-sowing (mm) and W s-harvest (mm) are the soil water storage before sowing and after harvest, respectively.
) was calculated as the grain yield divided by the seasonal ET.
Soil temperature and soil thermal properties
Temperature sensors (HIOKI 3633-20, Hioki E.E. Corporation, Japan) were installed in each plot at 5-cm depth between the plant rows. The soil temperature was recorded every half hour automatically from sowing until harvest, and then the mean daily temperature was calculated. The soil thermal time (TT soil , ) was calculated using the following equation (McMaster and Wilhelm 1997) :
where T base is the base temperature of 10 for maize growth (Miedema 1982) , and T mean is the daily mean soil temperature. When T mean <T base, TT soil was considered to be 0 , which means that this day makes no contribution to the cumulative soil thermal time.
Dry matter accumulation and maize yield
Above ground dry matter 
Maize yield
The center 4 rows in each plot were selected to measure maize yield, and for each row, the center 5 m was manually hand-harvested in early October. The grains were manually removed from the cobs and weighed; subsamples of approximately 1 kg per plot were weighed fresh, oven-dried to a constant weight at 70 and re-weighed to determine the water content (Cakir 2004). The grain yield per plot was also calculated on a "wet-mass basis" (standard water content of 15.5%) (Payero et al. 2008) .
Cost-benefit analysis
In this study, the cost-benefit analysis adopted the cost-benefit accounting system for agricultural productions of National Development and Reform Commission (NDRC) of the government of the People's Republic of China (NDRC 2016) , in which the cost included input materials, cost for service, labor cost, and opportunity cost for self-supporting farmland or land rent, and the benefits came from agricultural productions. The opportunity cost for selfsupporting farmland meant the lost earning from renting out farmland when farmers managed their farmland by themselves. In our case, the cost mainly included cost for input materials (seed, fertilizer, pesticides, and plastic film); the cost for machinery service (tillage, sowing, film laying and maize harvest); the cost for labour (seedling thinning, herbicide spraying, straw remove, film remove, grain drying and threshing) and the opportunity cost for selfsupporting farmland. The benefits mainly came from maize grain sale.
In this study, the farm gate prices for seed, pesticides were obtained from five stores in Shouyang county. Prices for fertilizer, film, labour, maize, and opportunity cost for self- A c c e p t e d M a n u s c r i p t supporting farmland were obtained from government statistics in 2015 (NDRC 2016) (Table   1 ).
It should be noted that although tillage, sowing, film laying and harvesting were completed manually in the experiment, we used the local market price of machinery service in the calculations to reflect actual production. In actual production, the film laying and maize sowing were usually completed by an integrative machine which was pulled by small wheeled tractor and could complete maize sowing and film laying at the same time, and rotary tillage was usually completed by a medium sized wheel tractor before sowing, and the harvest was usually completed by a two-line or multi-line backpack harvester. In China, farmer usually rented machinery to do those work and they paid to the machine owners by the area. The prices of machinery services were obtained through a survey in three villages of Shouyang county (Table 1) .
Similar to Guto et al. (2011) , the labour used for seedling thinning, straw remove, film remove, herbicide spraying, grain drying and threshing in this study was monitored on the trial field and corroborating them against estimates of 20 farmers neighboring the trial site.
The work rates for seedling thinning, straw remove, film remove, herbicide spraying and grain drying and threshing were estimated as 5, 15, 10, 2.5, 45 labor day ha -1 .
Used plastic film per area (Q film, kg/ha) was calculated as:
Q film= F mulch ×Thick film ×ρ film ×10000 (4) where F mulch was the fraction of ground covered by plastic film (-); Thick film was the thick of plastic film (mm), ρ film was the density of polyethylene (0.93 t m -3
). In this study, F mulch was 0.68, Thick film was 0.01 mm. Thus, value of Q film was 63.0 kg/ha in this study.
Statistical Analysis
We used a one-way ANOVA to conduct analyses of variance with SAS v8.0 software (SAS Institute, Cary, NC, USA). Least significant differences (LSD) were used to detect the mean differences between the treatments.
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Results
Effect of the 'one film for two years' system on the microclimate
Soil moisture Figure 1 shows the volumetric water content (VWC) at sowing during the second growing season for CK, PM1, and PM2. Compared to CK and PM1, the PM2 treatment effectively improved the soil moisture in the 0-10 cm (p<0.01) and 10-20 cm (p<0.05) depths.
No significant difference was found for CK, PM1 and PM2 in the other soil layers.
Furthermore, we found that both PM1 and PM2 had no significant influence on the soil water storage in the 0-200 cm depth. 
Effect of 'one film for two years' on maize yield and water use efficiency
Dry matter accumulation A c c e p t e d M a n u s c r i p t dry matter was 16% higher in PM1 than in CK (p<0.01), and in 2016, it was 12% higher in PM1 than in CK (p<0.05). No significant difference was found between PM2 and PM1, and the aboveground dry matter in PM2 was 10% higher than in CK at the end of the growing season of 2016 (p<0.05).
Maize yield, evapotranspiration and water use efficiency
PM2 resulted in only a slight loss of grain yield (2%), compared to PM1 in our study (Table 2) , and this difference was not even significant. Compared with CK, we found that PM1 significantly improved the grain yield by 12.1% and 25.0% in 2015 and 2016, respectively. In 2016, the grain yield improved by 20.2% in PM2 compared to CK. For the total grain yield in the 2015 and 2016 year, no difference between PM1 and PM2 was found;
however, compared to CK, the total grain yield in PM2 improved by 16.3%.
Evapotranspiration slightly decreased with PM1 and increased with PM2. However, the differences were not significant. Compared to CK, the WUE improved by 15.4% and 25.9%
with PM1 in 2015 and 2016, and it improved by 16.4% with PM2 in 2016 and by 15.5% on average in 2015 and 2016. No differences were found between PM1 and PM2. Table 3 shows the cost-benefit analysis of PM1, PM2 and CK. Compared to PM1, the PM2 treatment reduced the cost of plastic film and tillage but did not significantly reduce the benefit from maize grain, and it generated 21% (342 US$ ha ) in PM1 because of higher yields.
Cost-benefit analysis
Discussion
During the growing season of 2015 and 2016, we observed relative higher soil water content in plastic mulching treatment than CK. This was in accordance with previous research (Zhou et al. 2009; Gong et al. 2017 ) which suggested that plastic mulching was effective at A c c e p t e d M a n u s c r i p t reducing soil evaporation and then improving the soil water content during the growing season. Our results indicated that PM2 improved the soil moisture at sowing time and at the seedling stage in the 0-20 cm layer compared to PM1. For most farmland in northern China, during the fallow period of spring maize (from October to April of the next year), the field water balance was usually negative because of limited precipitation (Piao et al. 2010; Guo et al. 2012 ). At our research site, the calculated potential evaporation was 167 mm during the fallow period between 2015 and 2016, and the observed precipitation was 121 mm. This result was consistent with previous research by Wu et al. (2017) and Cai et al. (2015) that suggested that mulching practices during the fallow season could relieve drought stress that occurs at sowing time and in the earlier stages of maize growth. However, we did not observe significantly different ET between PM1, PM2 and CK for the overall growing season. Gong et al. (2017) reported that ET decreased by 9.3% under plastic mulching on the Loess plateau, whereas Fan et al. (2017) and Zhang et al. (2011) found that ET was not significantly reduced from plastic mulching and even increased. Those studies suggest that the effects of plastic mulching on ET may be influenced by environment variables. In PM2, although some holes appeared and the film was partly destroyed by weeds during the early stage of the growing season (as shown in Figure 5 .b), no significant difference in seasonal average soil moisture was observed between PM1 and PM2. This phenomenon could be explained by three reasons:
(1) the extent of film degree was not enough to induce a significant drop in soil moisture. The holes were only a very small part of the whole film, and most soil was still covered by plastic film; (2) the improvement in soil water content at planting may offset the soil moisture drop caused by film damage; and (3) the effect of plastic mulching was only prominent at the early stage of the growing season (Zhou et al. 2009; Li et al. 2012) , which meant that the further film damage in the late growing season was negligible.
Although a slightly lower cumulative soil temperature was observed in PM2 compared to PM1, this difference was not significant. It was true that the light transmittance of transparent A c c e p t e d M a n u s c r i p t PE decreases over time because of dust accumulation and aging (Castellano et al. 2008);  however, PM2 reduced the accumulation of drops beneath the film because of the existence of small holes (as shown in Figure 5 ). Moreover, because of the growth of weeds below the film in PM2, it established a larger insulating air gap, and greater heat storage, or less heat loss, may have occurred (Ham et al. 1993; Ham and Kluitenberg 1994) . Furthermore, due to the effects of evaporation, PM2 still could improve the soil temperature because of the reduction in latent heat flux . Further quantitative research is needed to reveal the soil water and heat flux and their loop in PM2 and to explain the interaction between different factors. Furthermore, our results confirmed that PM2 has equivalent performance to PM1 in terms of soil moisture and temperature adjustment.
Previous research indicated that modifications in plastic mulching on the microclimate were able to reduce the temperature and water stress and then led to improvements in crop yield (Qin et al. 2015; Fan et al. 2017; Zhang et al. 2011) , and this was confirmed by our research. Moreover, no significant difference in maize yield was found from PM1 and PM2.
Although the soil water content improved from PM2 in 0-20 cm before sowing and at the seedling stage, it seemed to have little influence on the average soil moisture over the whole growing season and on the ET in our research site. Soil moisture and temperature were the two most important factors influencing crop growth (Raes et al. 2009) , and similar soil moisture and temperature dynamics in PM1 and PM2 may be able to explain their consistency in maize yield. This result was similar to Wu et al. (2017) in which the advantage of mulching throughout the whole season on maize yields was only found in one of three tested years.
Our results indicated that the WUE was significantly improved by PM1 and PM2 and that there was no significant difference between PM1 and PM2. This finding agreed with previous research Xu et al. 2015; Qin et al. 2015) . Liu et al. (2010) reported that the WUE of maize improved by 23-25% in a two-year experiment on the Loess Plateau. Xu et al. (2015) reported that the WUE of maize increased by 16% in plastic mulching treatment at five A c c e p t e d M a n u s c r i p t sites in northeastern China. Qin et al. (2015) reported that the mean effect of plastic mulching on WUE was 81% at high N input and 30% at low N input for maize in a meta-analysis. With similar ET in PM1, PM2 and CK, the impermeable barrier in PM1 and PM2 was probably effective at reducing the evaporation and increasing the physiologically significant canopy transpiration and plant productivity . Moreover, by applying PM2, the significant improvement in soil moisture in 0-20 cm meant that PM2 truly reduced water evaporation during the fallow period and made water resources more available for crop growth in the fallow period. The improvement in topsoil moisture was especially important for the seedling stage because the maize roots were mainly distributed in the topsoil during the seedling stage (Chassot et al. 2001) . However, in the second year of this research, although the soil water content in the 0-20 cm layer was lower in PM1, it immediately improved from the rainfall, and severe spring drought did not occur. This may explain why PM1 and PM2 had similar WUE in this study. However, considering that the frequency of agricultural drought is increasing (Leng et al. 2015; He et al. 2016; Piao et al. 2010) , the effects of PM2 on WUE were probably more predominant in drought years.
Our research suggests that PM2 was effective at improving economic profits. In fact, canceling maize price protection in China led to reductions in maize prices, and cost savings practices became more important than yield improvements for profit generation. At prevailing prices, compared to PM1, the cost for plastic film, tillage, film laying, film remove were reduced by 481US$ ha A c c e p t e d M a n u s c r i p t PM1). This suggested PM2 was economically viable at relative large range of prices and yield difference between PM1 and PM2.
The shortcoming of this research was that we just tested the performance of 'one film for 2 years'. In fact, on the basis of current research, 'one film for multiple years' may have more advantages for plastics pollution control and economic benefits. However, the 'one film for multiple years' system called for an innovative design of plastic film that has good durability, weathering ability and high tensile strength (to reduce film destruction caused by wind and weeds). In fact, to control 'white pollution', some local governments in China (such as Xinjiang, Gansu, and Ningxia province) have released new mandatory standards for plastic film, and films with a thickness less than 0.010 mm have stopped being used in those places and the government encouraged farmers to use film with good durability and weathering ability. This provided favourable conditions for the application of a 'one film for 2 years' or 'one film for multiple years' system. On the other hand, because of cost savings in the 'one film for 2 years' or 'one film for multiple years' system, promotion of a new type of film without an added burden to farmers became possible. However, the design of film for a 'one film for multiple years' system and evaluation of its agricultural and ecological effects require further research.
Conclusion
In this study, the influences of 'one film for 2 years' system on soil moisture, temperature, maize yield, water use efficiency and cost-benefit balance were evaluated on the Loess Plateau. The results suggested: Compared to PM1, PM2 significantly improved the soil moisture in the 0-20 cm layer at planting and at the seedling stage, and this effect did not induce an increase in the average soil moisture and ET for the overall growing season; PM2
had no significant influence on the cumulative soil temperature compared to PM1, however, compared to CK, the cumulative soil temperature improved by 140 ; PM2 had no significant
